The factors regulating Ca 2 transport by isolated sarcoplasmic reticulum (SR) vesicles have been studied using the fluorescent indicator Fluo-3 to monitor extravesicular free [Ca 2 ]. ATP, in the presence of 5 mM oxalate, which clamps intravesicular [Ca 2 ] at approximately 10 WM, induced a rapid decline in Fluo-3 fluorescence to reach a limiting steady state level. This corresponds to a residual medium [Ca 2 ] of 100 to 200 nM, and has been defined as [Ca 2 ] lim , whilst thermodynamic considerations predict a level of less than 1 nM. This value is similar to that measured in intact muscle with Ca 2 fluophores, where it is presumed that sarcoplasmic free [Ca 2 ] is a balance between pump and leaks. Fluorescence of Fluo-3 at [Ca 2 ] lim was decreased 70% to 80% by histidine, imidazole and cysteine. The K 0X5 value for histidine was 3 mM, suggesting that residual [Ca 2 ] lim fluorescence is due to Zn 2 . The level of Zn 2 in preparations of SR vesicles, measured by atomic absorption, was 0.47 þ 0.04 nmol/mg, corresponding to 0.1 mol per mol Ca-ATPase. This is in agreement with findings of Papp et al. (Arch. Biochem. Biophys., 243 (1985) 254^263). Histidine, 20 mM, included in the buffer, gave a corrected value for [Ca 2 ] lim of 49 þ 1.8 nM, which is still higher than predicted on thermodynamic grounds. A possiblè pump/leak' mechanism was tested by the effects of varying active Ca 2 transport 1 to 2 orders with temperature and pH.
Introduction
Sarcoplasmic and endoplasmic reticulum Ca 2 -ATPases (SERCAs) are present in all nucleated mammalian cells and function as calcium pumps to restore cytoplasmic Ca 2 levels following stimuli that are mediated by calcium signalling, and are therefore responsible for regulating resting levels of cytoplasmic [Ca 2 ]. The Ca 2 -ATPase of skeletal muscle has been particularly well studied and characterised, and is perhaps one of the best understood examples of energy transduction, in which chemical energy of ATP is converted into the energy of an osmotic gradient [1^6] . Isolated vesicles from rabbit skeletal muscle sarcoplasmic reticulum (SR) are particularly suitable for transport and energy coupling studies. They are obtained in high yield, with s 80% purity of Ca 2 -ATPase pump protein, are physiologically orientated with cytoplasmic surface outwards, and are tightly sealed.
Early studies, using steady state £ux ratios for ATP hydrolysis and calcium transport, showed Ca/ ATP ratios that approached 2, suggesting that two Ca 2 ions are translocated per pump cycle [1] . This is in agreement with passive binding studies, which have characterised two high a¤nity Ca 2 binding sites facing the cytoplasmic surface of SR membranes [7] . Although there is not complete agreement with respect to all the intermediate states of the catalytic cycle [8] , it appears that all of the partial reactions can be accomplished by the 110 kDa pump monomer [9] , and that following binding of cytoplasmic Ca 2 , phosphorylation to form E-P leads to occlusion of the two transported cations. Subsequent reorientation and decrease in a¤nity of the transport sites leads to deocclusion and release of the two calcium ions onto the lumenal surface of SR membranes [10] . A single unbranched catalytic cycle, originally proposed by de Meis and Vianna [11] , is consistent with this model and with tight coupling of transport to ATP hydrolysis. This view is consistent with the apparent equilibrium state of the SR Ca 2 -ATPase under physiological conditions in vivo and in vitro [12] .
Previous reports on the [Ca 2 ]-dependence of transport by isolated SR, showing Hill coe¤cients of two lead to the consensus that occupation of two Ca 2 sites is required both for the activation of catalysis and of transport, and that this 2:1 coupling ratio was maintained over a wide Ca 2 concentration range [13] , where Ca 2 bu¡ers, usually CaEGTA, were used to vary free [Ca 2 ] in the submicromolar range. However, EGTA and/or CaEG-TA have been shown to enhance the apparent a¤nity of the Ca 2 pump [14] . The [Ca 2 ]-dependence of transport has been estimated in the absence of chelators by Klein et al. [15] , from the decline in myoplasmic Ca 2 following contraction in skinned frog skeletal muscle, and they have proposed that the high cooperativity (n H = 3.6) favours a functional pump dimer.
Coupling ratios, in the absence of EGTA, decline in the submicromolar Ca 2 range from 2.0 to near zero, implying that the pump may`slip' under these conditions [16] . Inesi and de Meis [17] have described slippage when transport into isolated SR vesicles is limited by high intravesicular [Ca 2 ] and 10 000:1 gradient, conditions referred to as`static head'.
The Ca 2 pump of SR is in thermodynamic equilibrium in the physiological state [12] . The present study of Ca 2 transport by isolated SR vesicles has been characterised, using the £uophore, Fluo-3 [18] , at low free external calcium ion concentrations that are limiting for Ca 2 ([Ca 2 ] lim ), without the constraint of a signi¢cant concentration gradient. In the presence of oxalate both external high a¤nity and internal low a¤nity calcium binding sites are expected to be vacant. Interference from Zn 2 has been minimised with a histidine bu¡er. Ca 2 concentration dependence of transport, determined in the absence of EGTA, is cooperative, with a Hill coe¤cient approaching 2, suggesting that the monomeric Ca 2 -ATPase is competent to form an isolated pump unit.
Materials and methods

Materials
The sources of materials were as follows: ATP, Sigma; amylase, Boehringer Mannheim. Standardised 100 mM CaCl 2 solution was prepared from Analar CaCO 3 , adjusted to pH 5.6 with 1 M HCl. The penta-ammonium salt of Fluo-3, lot number 2641-4, was obtained from Molecular Probes (Eugene, OR, USA). A 1-mM stock solution was made up in DMSO and kept at 320³C in the dark.
Preparation of skeletal muscle sarcoplasmic reticulum vesicles
Isolated sarcoplasmic reticulum vesicles were prepared from the back and hind leg muscle of white rabbits by the method of Champeil et al. [19] . Amylase, 1 Wg/ml, was added to the initial homogenate in order to decrease glycogen content and phosphorylase contamination to less than 5%, as determined by PAGE [20] . Protein concentrations were determined from the optical absorbance at 280 nm in 50 mM sodium phosphate (pH 7.0), 1% (w/v) sodium dodecyl sulfate [19] . Suspensions of SR vesicles, 35 to 40 mg/ml, were stored at 370³C.
Determination of steady state levels of extravesicular [Ca 2+ ], Ca 2+ uptake and release
The kinetics of calcium uptake and release, and of steady-state levels of extravesicular free [Ca 2 ] were monitored under standard conditions at 25³C in medium containing 20 mM MOPS^Tris (pH 6.8), 5 mM MgCl 2 , 5 mM sodium oxalate, and 20 nM Fluo-3. The ¢nal concentration of SR vesicles was maintained at 0.25 mg protein per ml for all experiments. Fluorescence was recorded in a 1 cm cuvette with continuous magnetic stirring, using a SPEX`Fluoromax' spectro£uorimeter, with excitation at 509 nm and emission of 535 nm. Maximum £uorescence, F max , was established by preincubation with 20 WM CaCl 2 , prior to addition of 2 mM ATP, unless otherwise stated.
Free [Ca 2 ] was calculated from the observed £uorescence, F, according to the equation
assuming K d s for Ca 2 binding of 450 nM at 25³C [18] , and of 864 nM at 37³C [21] . For purposes of calculation of [Ca 2 ] free , the K d was assumed to remain constant between 10³C and 25³C, and increase linearly up to 42³C. V max of Ca 2 transport was measured by monitoring [Ca 2 ] free following rapid injection of 100 WM CaCl 2 into the cuvette. The reciprocal of the time taken for [Ca 2 ] free to return to the midpoint between F max and F min was used to calculate V max , since during the major fraction of the timed period [Ca 2 ] free would be near to saturation of high a¤nity Ca 2 binding by the Ca 2 -ATPase.
Ca 2 -dependence of transport was determined by a constant infusion method. SR vesicles were incubated with 20 WM Ca 2 and 2 mM ATP for 100 s, during which time a steady state at [Ca 2 ] lim was established. Infusion of 5 mM or 50 mM standardised CaCl 2 was added, with continuous magnetic stirring, by means of a Welmed P1000 constant infusion pump ¢tted with a 1-ml syringe. The resulting pseudo-steady-state of [Ca 2 ] free was extrapolated back to t 0 , the time of beginning of infusion. Transport is assumed to be equal to infusion rate during steady state.
Determination of Zn 2+ content of preparations of SR vesicles
Suspensions of SR vesicles, 25 to 35 mg/ml, were diluted 1:1 with 10% TCA, mixed and allowed to stand a room temperature for 10^15 min. The mixture was centrifuged at 3000 rpm and the supernatant analysed in a Varian AA10 Atomic Absorption spectrophotometer. Standards of 4 to 24 WM Zn 2 were prepared from a 1-mM Commercial zinc acetate solution.
Results
Factors determining limiting medium [Ca 2+ ]
during Ca 2+ uptake into isolated SR vesicles
Initial experiments were carried out to investigate the suitability of Fluo-3 as a probe of medium or extravesicular free [Ca 2 ]. In order to meet these criteria, Fluo-3 £uorescence should be derived from a single pool of Ca 2^F luo-3, with minimum contribution from intravesicular Ca 2 , or deviation from ideal behaviour due to binding to SR vesicular membranes or glassware. Suitable £uorescence signals could be recorded with minimum noise from 20 nM total dye concentration. Excitation and emission spectra from Fluo-3, saturated with excess Ca 2 (F max ), with excess EGTA (F min ), and from media depleted of Ca 2 by active transport into vesicles in the presence of oxalate (F lim ) are shown in Fig. 1 . These spectra, taken at 10-fold higher concentrations of Fluo-3 to exclude non-ideal behaviour, illustrate the large increase in £uorescence with maximum excitation at 509 nm, and emission at 530 nm, between F min and F max . Spectra at F lim show peaks at identical wavelengths, and no evidence of shifts due to bound dye species, or of more than a single pool of the £uophore. In all further experiments 20 nM Fluo-3 was used to eliminate any possibility of Ca 2^F luo-3 interaction with the Ca 2 -ATPase. The contribution of auto£uorescence by vesicles of 0.83% of F max was minimal, whilst £uorescence due to Ca 2 binding to Fluo-3 was 97.7% of F max . It appears, therefore, that Fluo-3 behaves as an ideal free [Ca 2 ] indicator, especially as its useful concentration of 20 nM is much lower than that of the CaATPase (0.25 mg/ml or w1 WM), and would have little Ca 2 -bu¡ering e¡ect. SR vesicles are able to sequester appreciable amounts of medium Ca 2 in the presence of precipitable anions [1] . A typical experiment, using oxalate, is shown in Fig. 2 , where free medium [Ca 2 ], [Ca 2 ] free , was monitored with the £uorescent calcium indicator, Fluo-3. Initial levels were in the range 0.8 to 1.2 WM, whilst total Ca 2 , measured by atomic absorption, was 5 to 10 WM. Following preincubation with 100 WM Ca 2 , addition of ATP caused a rapid decrease in £uorescence, which is presumed to be mostly due to chelation of Ca 2 by ATP, since it is similar to that in the absence of vesicles. Following a delay period, uptake is accelerated to V max due tò seeding' of intravesicular calcium oxalate crystals [22] Transport ceased abruptly at a characteristic limiting value (F lim ), typically in the range equivalent to 100 to 200 nM [Ca 2 ] free . This value has been de¢ned operationally as F lim , from which [Ca 2 ] lim was calculated according to Eq. 1.
Pulsed additions of Ca 2 showed a rapid uptake and return to relatively constant baseline [Ca 2 ] lim . Widths of the peaks were used to give an indication of relative rates of calcium transport under conditions of the assay, and for comparative purposes, the time to reach half maximum £uorescence, (F max 3F min )/2 or t 0X5 , was used as an indication of uptake rate, since transport is assumed to be near V max above the K d for binding of Ca 2 to Fluo-3 (450 nM). Both oxalate and phosphate have previously been used to precipitate intravesicular Ca 2 [1, 23] , and to ensure maximum rates of transport that are not inhibited by internal free Ca 2 . The anion dependence of [Ca 2 ] lim is shown in Fig. 3 . Minimum [Ca 2 ] lim values occurred with 2 to 5 mM oxalate, whereas 10 mM phosphate was still below the optimum concentration. All further experiments were carried out with 5 mM oxalate, since high levels of phosphate might cause inhibition of transport by reversal of the catalytic cycle, especially at low medium free [Ca 2 ].
The possible contribution of increased light scattering due to accumulation of intravesicular calcium oxalate crystals was considered. Fluorescence at zero [Ca 2 ] free , (F min ) was established with 5 mM EGTA after each experiment, and varied in the range 2^5% of F max . Emitted light of vesicles with EGTA, loaded with endogenous Ca 2 (v 30 nmol/mg), was 2.9%, and rose to 6.2% of F max following maximum loading of 2000 nmol/mg. The positive error in estimation of [Ca 2 ] lim in a typical experiment was calculated to be equivalent to 0.12 nM, or 0.15% of F max . It can be concluded, therefore, that light scattering does not contribute signi¢cantly to emitted light at [Ca 2 ] lim .
Feher and Lipford [23] have studied the factors limiting maximum calcium oxalate loading of 4^6 Wmol/mg SR, and have concluded that the rate limiting process is due to rupture of vesicles. Loading in the present study was limited to 1 Wmol/mg and showed no increase of [Ca 2 ] lim with multiple pulsed Fig. 2 . Kinetics of Ca 2 uptake recorded with Fluo-3. SR vesicles, 0.25 mg/ml in standard medium, 2.5 ml, containing 5 mM sodium oxalate, 5 mM MgCl 2 , and 20 nM Fluo-3, were incubated at 25³C (F max ). ATP, 2 mM, was added after 10 s, followed by three aliquots of 20 WM CaCl 2 at 100, 200 and 300 s. Ca 2 , 100 WM, was added at 450 s, and ¢nally EGTA, 5 mM, was added at 560 s (F min ). The limiting £uorescence, F lim , and the corresponding calculated [Ca 2 ] free , [Ca 2 ] lim , was measured immediately before the ¢rst addition of Ca 2 . Fluorescence readings are shown in A, and their transform to [Ca 2 ] free , using Eq. 1, in B. Standard conditions were as described in Fig. 2 , except that oxalate was omitted and 20 mM histidine added (see below). SR vesicles were preincubated with 20 WM Ca 2 and varying concentrations of sodium oxalate or NaH 2 PO 4 . Following addition of 2 mM ATP, £uorescence was recorded for 100 s, when F lim was measured and [Ca 2 ] lim calculated. additions of Ca 2 within this range. It is therefore concluded that saturation of loading capacity is not the cause of the inability of the SR to decrease [Ca 2 ] free below [Ca 2 ] lim . The electrochemical potential, v8, is also presumed to be minimal in SR due to an active anion channel [24] .
The free energy of hydrolysis of ATP does not appear to be fully realised for sustaining a Ca 2 gradient in the presence of oxalate. Following addition of 2 mM ATP and transport of 100 WM Ca 2 , which, assuming tight coupling, would result in hydrolysis of 50 WM ATP, the concentration quotient [ATP]/ [ADP][P i ] is 7.8U10 5 M 31 . Assuming that the free energy available from ATP hydrolysis is 14 kcal/mol [25] , this will be in equilibrium with a transmembrane gradient of 10 000:1 [12] . Since intravesicular free [Ca 2 ] in oxalate-loaded vesicles is in the range 5^10 WM, at equilibrium extravesicular levels are expected in the range 0.5 to 1 nM. Observed [Ca 2 ] lim , calculated from the lowest £uorescence signal from Fluo-3, of 100 to 200 nM, is at least two orders of magnitude higher.
Several mechanisms for spuriously high £uorescence at [Ca 2 ] lim are possible. Calculation of free [Ca 2 ], based on Eq. 1, assumes a single pool of £uophore. Mg 2 also forms a £uorescent complex with Fluo-3. The K d for Mg 2 binding is 9 mM at 25³C [18] . Binding of Mg 2 is probably to a site on Fluo-3 that is remote from the chromophore since the Mg 2^F luo-3 complex is only 1.4-fold more £uorescent than the free £uophore, compared to the 40fold enhancement following Ca 2 binding. Free Mg 2 is not expected to vary during the course of usual experimental protocols, and would not be quenched by EGTA. Hence the presence of Mg 2 in the medium, or in vivo in cytoplasm, should not a¡ect calibration of the Fluo-3 signal.
Contribution of Zn 2+ to F lim
The characteristics of residual £uorescence of Fluo-3 at [Ca 2 ] lim are that it is resistant to active uptake of Ca 2 into vesicles, and that it is quenched to a large extent by EGTA (F min ) to levels of 5^8% of F max with excess Ca 2 . This suggested possible contamination by transition elements, which are known to form stable complexes with Fluo-3. Zn 2 is such a possible contaminant and is one of the most abundant divalent cations in the cytosol of cells, including muscle [26] . Varying SR concentration in the range 0.05 to 0.25 mg/ml did not a¡ect F lim in the absence of histidine (data not shown). Zn 2 is known to bind to Fluo-3 more tightly than Ca 2 with a K d of approx. 1.5 nM [18] . The Zn 2 complex is 61% as £uorescent as the Ca 2 complex, and therefore saturation with Zn 2 is equivalent to a [Ca 2 ] of 680 nM. Fig. 4 . E¡ects of histidine, imidazole and cysteine on F lim . SR vesicles, 0.25 mg/ml, were preincubated with 100 WM Ca 2 at 25³C. ATP, 2 mM, was added, and following 100 s, [Ca 2 ] lim was calculated. In A, increasing concentrations of histidine or cysteine were added and F lim recorded. Titration of a medium mixture at [Ca 2 ] lim with added Zn 2 , with and without histidine is shown in B. Following establishment of steady state of F lim , 100 s after addition of 2 mM ATP, increasing amounts of ZnCl 2 were added and the increase in £uorescence intensity was recorded, with and without 20 mM histidine.
The e¡ects of Zn 2 ligands histidine, imidazole and cysteine on Fluo-3 £uorescence at [Ca 2 ] lim are shown in Fig. 4A . Histidine decreased F lim from 20% of F max to 8% with K 0X5 of 3 mM. Imidazole was less e¡ective, with a linear decrease up to 20 mM, with no signs of saturation. Cysteine was somewhat anomalous in that in the 0 to 5 mM range it had similar e¡ects to those of histidine, but the decrease was reversed and even increased to above the zero value at 20 mM ligand. Addition of ZnCl 2 con¢rmed that the Zn 2 complex of Fluo-3 is stable and £uorescent, and that £uorescence is quenched by histidine (Fig. 4B ). Extrapolation of Zn 2 titration of £uorescence e¡ects of suspensions of SR vesicles in the assay medium indicate a Zn 2 content of 1.3 nmol/mg. Direct analysis of four concentrated SR vesicles suspensions for Zn 2 by atomic absorption spectrophotometry gave values of 0.47 þ 0.04 nmol/mg protein, which are comparable to that found by Szabolcs [27] . Presumably the higher Zn 2 content of SR vesicles suspended in the incubation medium represents contributions from its components. On the basis of these ¢ndings, all further studies were carried out on suspensions of vesicles to which 20 mM histidine was added in addition to Tris^MOPS bu¡er at pH 6.8. Pro¢les of Ca 2 additions to actively transporting SR vesicles, with and without 20 mM histidine or 2 WM Zn 2 are shown in Fig. 5 . Histidine decreased [Ca 2 ] lim , resulting in a value for [Ca 2 ] lim of 49 þ 1.8 nM (n = 12).
Free calcium ion concentration dependence of
Ca 2+ transport in the absence of EGTA Previous studies aimed at determining the [Ca 2 ]dependence of transport have relied on Ca/EGTA bu¡ering systems to clamp extravesicular [Ca 2 ], and have used 45 Ca 2 as tracer [2] . The present experimental system suggests an alternate approach where, following depletion of medium Ca 2 , a constant infusion of CaCl 2 would lead to a rise in medium Ca 2 and to a new steady state, at which rates of infusion and active transport are balanced at a de¢ned [Ca 2 ]. Typical traces, with three constant infusion rates, are shown in Fig. 6A . An initial lag phase of 10^20 s after infusion commenced is presumed to be inertia of the infusion system and washout of the infusion tip. Flow rates were typically in the range of 10^100 Wl/min. Total times to reach plateau phase were 10^30 s. For low infusion rates the plateau phase was stable for up to 100 s. At higher rates there was a slow rise, termed a pseudo-steady state, since there was a slow increase of [Ca 2 ] free during this phase. This rise is not due to failure to reach a balance between infusion and active uptake rates since [Ca 2 ] free declined rapidly and returned to the steady state when the infusion was switched o¡ and on again (see inset to Fig. 6A ). The slow rise is presumed to be due to ¢lling of a subpopulation of vesicles. Initial steady state levels of [Ca 2 ] free were obtained by linear extrapolation to zero infusion time, which was taken as the beginning of the rise from [Ca 2 ] lim . The constant infusion system for determining Ca 2 -dependence of transport reverses the usual methods, where [Ca 2 ] free , set by Ca/EGTA bu¡ers, is ¢xed as the independent variable, and transport, measured at varying [Ca 2 ], is the dependent variable. In the constant infusion method, ¢xed infusion rates are equivalent to transport, and are plotted on the y-axis. The data are plotted in Fig. 6B , with steady-state [Ca 2 ] and infusion rates as independent and dependent variables, respectively. Rates of Ca 2 uptake are generally considered to be tightly coupled to ATP hydrolysis in the presence of oxalate, with K 0X5 in the range 0.1 to 2.0 WM, mainly due to the use of varying values for the dissociation constant of CaEGTA, and n HCa in the range 1.6 to 2.0 [2] . The data for the [Ca 2 ]-dependence of transport in Fig. 6B were ¢tted by non-linear regression, assuming (a) that there is no leak, and (b) that n HCa is ¢xed. The best-¢t curve is for V max = 853 nmol/min per mg, K 0X5 = 279 nM, and n HCa = 1.89. These values are in good agreement with those obtained with 45 Ca 2 and Ca/EGTA bu¡ers [3] . The nature of the constant infusion method is that data are best obtained up to 3^4 times the K d of the indicator, i.e., 1.5^2.0 WM, which also coincides with the range of up to 5-fold that of the K 0X5 for transport.
E¡ects of varying V max with temperature, pH and alternate substrates on [Ca 2+ ] lim
Under physiological conditions the Ca-ATPase operates at near equilibrium [12] . Possible mechanisms for the observed higher than predicted [Ca 2 ] lim in vitro were explored. This behaviour may be an intrinsic feature of the Ca 2 pump, or a kinetic barrier, such that medium free Ca 2 cannot be decreased below 35 to 45 nM. Alternatively it may represent a steady state in which either active transport balances reversal of the pump mechanism, or that it is a manifestation of steady state cycling between active uptake and non-speci¢c passive leakage pathways. For the latter mechanism it is expected that [Ca 2 ] lim would be sensitive to conditions which affect Ca 2 pump activity.
Temperature and pH changes were varied to modulate Ca 2 -ATPase turnover. Their e¡ects on V max of transport and on the levels of [Ca 2 ] lim , are shown in Fig. 7 . In the range 10^37³C transport varied s 500fold. [Ca 2 ] lim was relatively constant between 30 and 50 nM over the range 15^40³C. Similarly, pH changes had relatively little e¡ect on [Ca 2 ] lim , which was constant between pH 6 and 8, when maximum transport activity varied 10-fold.
Alternate substrates can support Ca 2 transport at widely varying rates. Traces of uptake of Ca 2 , when supported by ATP, AcP and by p-NPP, are shown in Fig. 8 . Rates of transport with AcP and p-NPP are approximately one and two orders slower than with ATP, nevertheless ¢nal [Ca 2 ] lim values with p-NPP were lower than with the natural substrate. Fluorescence excitation and emission spectra taken at [Ca 2 ] lim were similar for all three substrates (data not shown). It may be concluded that changes in temperature, pH and substrate, which vary V max of transport over a wide range, have little e¡ect on the steady state levels of Ca 2 at [Ca 2 ] lim .
Estimation of the magnitude of leakage pathways at [Ca 2+ ] lim
It can be assumed that at the steady state, characterised as [Ca 2 ] lim , active transport is balanced by e¥ux from SR vesicles. E¥ux pathways from SR vesicles in the absence of precipitable anions, and consequent high millimolar [Ca 2 ] in , are divided roughly equally between back inhibition or reversal of the pump cycle, slippage or turnover in the absence of a transport cycle, and passive e¥ux through the SR membrane independent of the Ca 2 -ATPase [17] . An estimate of the magnitude of total e¥ux of Ca 2 can be obtained from the unidirectional inward £ux, as estimated with 45 Ca 2 , during steady state, and is shown in Fig. 9 . Addition of tracer to the medium at [Ca 2 ] lim resulted in ¢nite binding to SR at time zero (10 s), which explains initial levels of 1.7 nmol/mg when tracer is in rapid equilibrium with high a¤nity transport sites. Further slow exchange is due to unidirectional inward £ux of Ca 2 , and was calculated from the initial slope at t 0 to be 0.19 nmol/ [Ca 2 ] lim was taken from the minimum £uorescence value after addition of ATP. Maximum transport rates were calculated from the widths of peaks following addition of 100 WM, as described in Section 2. mg/min, or 0.02% of V max . Near maximum equilibration of approx. half of total 45 Ca 2 occurred after 10 min.
Leakage was also estimated from e¥ux at [Ca 2 ] lim following depletion of substrate, ATP. A typical experiment is shown in the inset to Fig. 10 . ATP, 0.25 mg, was added, following preincubation with 100 WM Ca 2 . Following uptake of this pulse of Ca 2 , it is presumed that 0.2 mM ATP remains. This was depleted within 70 min at 25³C, following which near linear e¥ux occurred. Rates of e¥ux and their temperature dependence are shown in Fig. 10 . E¥ux at 25³C, the temperature at which [Ca 2 ] lim was usually monitored, was 2.8 nmol/min per mg, i.e., 0.3% of V max of transport. It is possible that e¥ux pathways are greater during active uptake due to a non-equilibrium state of intravesicular Ca 2 stores [22, 23, 28] . This is supported by higher ATPase activity in the presence of ionophore A23187 than with oxalate [29] .
However, this cannot explain the steady state of [Ca 2 ] lim , which was stable for up to 12 h, provided that su¤cient ATP is present to sustain the slow turnover rate (data not shown). It is presumed, therefore, that at [Ca 2 ] lim internal [Ca 2 ] free is in equilibrium with oxalate bound species, and is of the order of 10 WM [1]
Discussion
This study demonstrates the usefulness of Fluo-3 as a £uophore for determining extravesicular [Ca 2 ] free in suspensions of SR vesicles. Excitation and emission spectra are in the visible range, which obviates auto£uorescence from cofactors, such as NADH, or from protein arising from tryptophan residues. Another major advantage is that because of the 40-fold increase in £uorescence on binding of Ca 2 , nanomolar quantities of Fluo-3 give excellent signal to noise ratios, and it should be possible to conduct studies in vitro at less than 20 nM, whilst Fig. 10 . E¡ects of temperature on Ca 2 e¥ux from actively loaded SR following depletion of substrate. SR vesicles, 0.25 mg/ml in histidine 20 mM, were actively loaded with 100 WM CaCl 2 and 0.25 mM ATP. A typical e¥ux curve is shown in the inset. Maximum rates of e¥ux were calculated from the slopes of the [Ca 2 ] curve following depletion of ATP, and from bu¡ering in the medium of 15-fold, described in Fig. 9 . Comparative rates of ATPase activity during the prolonged steady state were determined from the delay between the initial transient and the beginning of the e¥ux phase. Fig. 9 . Exchange of 45 Ca 2 into SR vesicles, preloaded with 40 Ca. Oxalate, at [Ca 2 ] lim . SR vesicles, 0.25 mg/ml, were actively preloaded with 2 mM ATP and 400 nmol/mg 40 Ca 2 . Following achievement of [Ca 2 ] lim after 5 min, 0.1 WCi/ml 45 CaCl 2 was added at time zero. Samples, 0.1 ml, were taken ¢rst at 10 s and at timed intervals, ¢ltered onto Millipore 0.45-Wm ¢lters, and washed with medium containing 10 mM 40 CaCl 2 . Uptake of Ca 2 was calculated assuming medium free [Ca 2 ] of 100 nM. Total extravesicular Ca 2 was assumed to be 1.5 WM based on 15-fold bu¡ering,as determined from titration of SR vesicles at [Ca 2 ] lim with Ca 2 following inhibition of uptake with 5 WM thapsigargin. The initial rate of uptake at zero time was calculated to be 0.19 nmol/mg per min from the slope of the second-order ¢tted curve.
the Ca 2 -ATPase totals 1 WM (0.25 mg/ml at 4 nmol/ mg). The K d for Ca 2 binding to Fluo-3 (V400 nM) is similar to the K 0X5 for Ca 2 binding to the Ca 2 -ATPase (V250 nM). For comparison, 20 WM Arsenazo III has been shown to interact with SR vesicles, causing optical artefacts, as well as near 3-fold inhibition of transport and ATPase activity [30] . Furaptra, a`tricarboxylate' calcium chromophore, has been shown to bind to myoplasmic constituents in vivo [31] . Similarly, Indo-1, used to establish resting intracellular [Ca 2 ] i in cardiac myocytes, shows decreased a¤nity for Ca 2 that has been related to protein binding [32] Initially we used Tris^MOPS bu¡ers and noted that following prolonged incubation of SR in the presence of oxalate and excess ATP, the steady-state £uorescence of Fluo-3, F lim , was equivalent to 100 to 200 nM Ca 2 . Possible errors in determining [Ca 2 ] lim were investigated. The nature of the £uorescence at [Ca 2 ] lim is that it is the minimum £uorescence signal following transport of Ca 2 into SR vesicles and that is quenched by EGTA. Papp et al. [26] have determined the transitional element content of SR preparations and media used for assay of the reaction of the Ca 2 -ATPase with N-(1-pyrene)maleimide, and have suggested that Zn 2 may regulate SH reactivity. This represents interaction with a subpopulation of pump units, since the Zn 2 content, as measured by plasma emission spectroscopy, was 0.75 nmol/mg or 0.19 mol per mol ATPase.
The possibility that Zn 2 might be responsible for the falsely raised F lim in the present study was investigated, since Zn 2 is known to bind with high a¤nity to Fluo-3, and for the adduct to be £uorescent [18] . The e¡ects of known ligands, histidine, imidazole and cysteine ( Fig. 4) are consistent with the idea that Zn 2 may contribute to F lim . Furthermore, addition of Zn 2 can reverse the e¡ects of histidine. Cysteine e¡ects were anomalous, in that submicromolar concentrations quench F lim , similar to the action of histidine on a mol per mol basis, but higher concentrations increase F lim to levels greater than controls. Cysteine has been shown to interact with the Ca 2 -ATPase, altering its conformation, as shown by tryptophan auto£uorescence [33] . Added Zn 2 was shown to increase F lim , and the calculated contribution to F was such that the endogenous content of SR plus media is by extrapolation equivalent to 247 nM Zn 2 , i.e., 1.0 nmol/mg. By comparison, direct assay gave a value of 0.49 nmol/mg. It appears that SR vesicles and the medium contribute equally to the Zn 2 content of the experimental system.
Several previous studies have shown evidence for interaction of Zn 2 with components of SR membranes. Papp et al. [26] have determined Zn 2 content of native and water washed SR microsomes at 0.75 to 1.35 nmol/mg, about 30% of which is removed by EGTA or Chelex treatment. Alterations in Zn 2 content could be correlated with SH reactivity. Picello et al. [34] have found that the histidinerich Ca 2 -binding protein, located in junctional membranes of rabbit skeletal muscle, has independent low-a¤nity Ca 2 binding sites and high-a¤nity Zn 2 sites that are inhibited by prior reductive alkylation. Phosphorylation of phospholamban of cardiac muscle is decreased by micromolar Zn 2 due to inhibition of endogenous Ca 2 /calmodulin-dependent kinases, whilst millimolar concentrations inhibit Ca 2 -independent autophosphorylation [35] .
The experimental approach employed in this study was aimed at characterising calcium transport by isolated SR vesicles at concentrations of medium free Ca 2 that are limiting for uptake. Limiting [Ca 2 ] was achieved in the absence of chelating agents generally employed to bu¡er medium [Ca 2 ], by translocation of medium Ca 2 into SR vesicles. The use of oxalate as a precipitable anion ensured that intravesicular [Ca 2 ] was clamped in the 5 to 10 WM range, which minimises back inhibition of the transport cycle, and that the transmembrane gradient was of the order of 100:1. This condition is designated as free £ow' in terms of irreversible thermodynamics, since the gradient is lower than could be achieved at thermodynamic equilibrium, whose calculated value at [Ca 2 ] lim , assuming tight coupling, 10% hydrolysis of 2 mM ATP (vG = 355.6 kJ/mol) and [Ca 2 ] in = 10 WM, is 0.14 nM, i.e., more than two orders lower than that measured. Erythrocyte Na ,K -ATPase is not in equilibrium with cytosolic phosphorylation potential, as determined by 31 P-NMR [36] .
Passive leaks of Ca 2 could explain higher than expected [Ca 2 ] lim , as originally suggested by Gatass and de Meis [37] . Measured e¥ux rates following substrate ATP depletion were at least two orders slower than V max of transport, suggesting that passive leakage cannot explain the anomalous [Ca 2 ] lim .
Gerdes and Moller [28] have studied the Ca 2 permeability of SR vesicles, both in the energised and non-energised states. They have concluded that e¥ux is activated, and possibly coupled to active in£ux, and have suggested that is involves the partial reaction 2Ca 2 in +E 2 HE 2 2CaHE 1 +2Ca 2 out . Since activated e¥ux and passive out£ow are reciprocally related, they have also suggested that the two processes involve a common membrane channel. Although in the present study e¥ux is expected to be enhanced during active uptake at high [Ca 2 ] out , the slow passive out£ow at [Ca 2 ] lim is insu¤cient to explain failure to reach thermodynamic equilibrium.
A prediction of the pump/leak model is that [Ca 2 ] lim would be expected to vary with changes in transport rate. The data obtained here show that when transport rates are varied with changes in pH and temperature, [Ca 2 ] lim remained relatively constant. Perhaps most compelling evidence against the pump/leak model is the relative constant value for [Ca 2 ] lim with various substrates, whose V max varied some 500-fold. Paradoxically, the lowest activity substrate, p-NPP, appeared to be the most thermodynamically e¤cient. One possibility considered was that reversal of the pump with accumulation of ADP, with ATP as substrate, might predispose to higher levels of [Ca 2 ] lim . However, with acetyl phosphate, where there is no possibility of reversal, [Ca 2 ] lim was similar to that with ATP.
In their original study on the e¡ect of [Ca 2 ] on calcium uptake, Weber et al. [13] , using Ca/EGTA bu¡ers, found signi¢cant transport activity at resting muscle levels of calcium (100 nM), which were approx. 30% of that measured at saturating [Ca 2 ] (1 WM). In addition the ratios of uptake to ATP hydrolysis that approached 2.0 did not change between 30 to 100 nM [Ca 2 ]. The close agreement between [Ca 2 ]-dependencies of binding and of transport has previously been interpreted as support for tight coupling and high thermodynamic e¤ciency. We have previously shown signi¢cant e¡ects of EGTA, presumed to be due to the species CaEGTA, on transport rates in the sub-micromolar Ca 2 range [38] . Combettes et al. [39] have also found anomalous e¡ects of calcium chelators in their studies on the e¡ects of IP 3 -induced Ca 2 release from cerebellar microsomes, where the inhibitory e¡ect appeared to be due to metal-free chelator. Activation of lym-phocyte plasma membrane Na /K -ATPase is better explained by chelation of Zn 2 rather than by calcium chelation [40] . We now con¢rm that Ca 2 dependence of transport is similar in the absence of chelator with previous ¢ndings in their presence. Previously described e¡ects of chelators can only be implicated if they occur at higher levels than those in reagents and tissue preparations.
Our current understanding of the possible role of chelators or their Ca 2 -complexes is (a) that the kinetics of the Ca 2 -dependence of transport are similar when determined with or without chelators, (b) that contaminating Zn 2 interferes with calibration of Fluo-3 determination of free [Ca 2 ], (c) that this problem can be minimised with a histidine bu¡er, and (d) that Zn 2 cannot contribute to modi¢ed behaviour of the Ca 2 -ATPase since it occurs in substoichiometric amounts (approx. 0.1 mol per mol ATPase).
A practical issue, arising from the present study, and relevant for calibration of intracellular Ca 2 levels in vivo, is that binding of Zn 2 to Ca 2 £uophores might enhance £uorescence, especially in the resting state. Since EGTA quenches both Ca 2 -and Zn 2 -£uophore signals, histidine bu¡ers may be used in these circumstances to minimise overestimation of cytoplasmic [Ca 2 ] free .
The phenomenon of a non-equilibrium value for [Ca 2 ] lim in the resting muscle cell, and the possibility that this may be an intrinsic property of the SR calcium pump, have interesting physiological implications. On the basis of occupancy of binding sites from well-characterised Ca 2 binding parameters, it can be calculated that under resting or relaxed muscle conditions (approx. 100 nM cytosolic free Ca 2 ), ATP hydrolysis by SR should be approx 2% of maximum. Assuming V max at 37³C of 10 Wmol/mg per min [41] , and skeletal muscle SR content of 52 mg/g muscle protein [42] , it can be estimated that turnover of the Ca 2 -ATPase of skeletal SR in the relaxed state could contribute 10% to 15% of basal metabolism. Simonides and van Hardeveld [43] have estimated the ATPase activity required by SR to maintain the Ca 2 gradient, and have calculated that this may account for 20% of the resting metabolic rate in skeletal muscle. Although these ¢gures have a degree of uncertainty, it seems reasonable to suggest, based on the evidence presented here and elsewhere, that skeletal SR can contribute signi¢cantly to overall basal metabolism in mammals as a kind of Ca 2 -regulated heat organ. De Meis et al. [44, 45] have recently measured heat production directly during uncoupled Ca 2 e¥ux, con¢rming that SR is a major source in animals and humans in non-shivering thermogenesis.
